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The interplay of phase separation, preferential wetting, and capillary instability in thin-film polymer
blends is investigated using composition-profiling and surface-imaging techniques. The phase-separating
films exhibit a unique morphology with two evolving lateral length scales at both the free film surface and
the interface between the wetting and nonwetting layers. The short-wavelength mode shows power-law
growth at both the free film surface and the interface, but with a smaller growth exponent at the surface,
implying slower kinetics. The long-wavelength mode shows two power-law growth regimes separated by
a plateau.

1. Introduction
In addition to being of profound technological impor-

tance, thin films composed of both single and multiple
macromolecular components offer a unique opportunity
to study the effects of geometrical confinement and reduced
dimensionality on the kinetics of dewetting1-4 and phase
separation.5,6 In the classical model of thin-film breakup
originally proposed by Vrij7 and in the generalization of
this model to dewetting introduced by Brochard and
Daillant,8 the fluctuation-induced capillary instability that
causes a film to break up is completely analogous to the
spinodal instability in binary fluid mixtures, where height
fluctuations in the former map onto composition fluctua-
tions in the latter. For polymer blend thin films, previous
studies have focused on both lateral domain structures
within the plane of the film5 and composition fluctuations,
or preferential wetting layers, along a direction normal
to plane of the film (surface-directed spinodal waves),6
but the interplay of these two mechanisms has received
only limited attention, both in simulations9 and experi-
ments.10

In previous studies,10 we have shown that thin-film
polymer blends that undergo phase separation and wetting

display three distinct stages of evolution: early, inter-
mediate, and late. The early stage is dominated by the
formation of a trilayer structure where the wetting layer
phase at the free surface and substrate are (nearly) the
same. Subsequently, the minority phase in the middle
layer coarsens while the wetting layers thin. Finally,
capillary fluctuations rupture the middle layer leading to
spinodal dewetting and droplet coarsening. In this paper,
we present a detailed study of domain evolution kinetics
under the scope of that evolution mechanism where the
instabilityof theconfinement-induced interferencepattern
of the surface-directed composition waves leads to a
domain pattern with two distinct lateral length scales:
a short-wavelength scale associated with lateral phase
separation and a long-wavelength one associated with the
lateral breakup of surface-directed composition fluctua-
tions. The time evolution of these two disparate modes,
evident as two distinct peaks in the nonequilibrium
structure factor, suggests that these films exhibit unique
phase-separation dynamics as a function of both the
thickness of the film and the depth within the film at
which the measurement is performed, pointing to the need
for a greater theoretical understanding of the effects of
surface enrichment and capillary instability on phase
separation and spinodal decomposition in thin-film fluid
mixtures.

2. Materials and Methods

The blends used in this study are composed of deuterated
poly(methyl methacryalte) (dPMMA, Mw ) 90 000 g/mol, Mw/Mn
) 1.06) and a random copolymer of poly(styrene-ran-acrylonitrile)
(SAN, Mw ) 124 000 g/mol, Mw/Mn ) 2.24) with a mass fraction
of33%acrylonitrile.11 In thebulk, thisblenddisplays lowercritical
solution temperature behavior with a critical temperature of
roughly 160 °C and a critical composition (φc) of roughly 0.47,
where φ denotes the volume fraction of dPMMA. Thin films were
prepared by spin-casting a 5% mass fraction solution of the critical
blend, dissolved in methyl isobutyl ketone, onto a silicon wafer.
To ensure consistent substrates, the native silicon oxide layer
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was removed and a fresh 1.8 nm oxide layer was then reintroduced
by exposure to ultraviolet ozone plasma. The films were annealed
in a vacuum oven at 120 °C for 24 h, and ellipsometry was then
used to measure the film thickness, which varies from 6 to 500
nm.

To study the phase separation as a function of time, the samples
were annealed in the two-phase region (185 °C) under argon for
times varying from 2 min to 100 h. The dPMMA volume-fraction
profile along a direction normal to the plane of the film was
measured by forward-recoil spectrometry (FRES), in which 2.00
MeV helium ions impinge on the sample at an angle of +75° with
respect to the sample normal. Deuterium and hydrogen from the
film are elastically scattered into a solid-state surface barrier
detector located at -75° with respect to the sample normal, and
an 8 µm Mylar film over the detector prevents forward-scattered
He ions from masking the D and H signals of interest. The depth
resolution near the surface has a full width at half-maximum
value of 50 nm. For the same annealing conditions, the surface
roughness and interfacial morphology were measured using a
Dimension 3000 atomic force microscope (AFM). To reveal the
structure of the nonwetting SAN phase, the dPMMA-rich surface
layer was selectively etched away by immersing the film in acetic
acid for 2 min. The effect of wet etching has been discussed
previously.10

3. Results and Discussion

Figure 1 shows the dPMMA volume-fraction profile,
measured using FRES, during various stages of phase
separation for a 223 nm film, where Figure 1a is the as-
cast, homogeneous sample. After 10 min, a dPMMA-rich
phase wets both the surface and substrate, but the surface
peak is not prominent after convolution with the depth
resolution for the measurement. After 60 min (Figure 1b),
a dPMMA-rich/SAN-rich/dPMMA-rich trilayer-like struc-
ture has developed. After 1200 min (Figure 1c), the sample
appears homogeneous, but with a broader composition
profile as compared to the as-cast film, suggesting that
the film has started to roughen because of a capillary
instability of the layers. The area sampled by the incident
ion beam is on the order of 3 mm2, implying that FRES
is insensitive to domain structures with wavelengths on
the order of 1-10 µm, which is why the sample appears
homogeneous in Figure 1c. Finally, after roughly 6000
min (Figure 1d) the free surface becomes wetted by the
dPMMA-rich phase, with a thickness of roughly 100 nm,
or half the original thickness.

The AFM images reveal in greater detail how the above
coarsening proceeds. Figure 2 shows images for different
annealing times in the two-phase region of (a) the surface
topography and (b) the interfacial morphology after the

dPMMA-rich phase has been etched away. In (a), the
lighter colored hills correspond to dPMMA-rich regions,
and in (b), the lighter colored hills correspond to SAN-
rich regions. Note that each image has its own contrast
and magnification. Both the surface and interfacial
morphologies exhibit two characteristic length scales, a
convenient measure of which is obtained from the nu-
merical structure factor calculated from the fast Fourier
transform (FFT) of the image. The peak positions are
indicated by vertical hatch marks (Figure 2) and evolve
toward a lower wave vector (q) with time, reflecting the
coarsening of the structures. Because the peaks are
superposed on a decaying background, the position of the
true maximum appears displaced from the position of the
apparent maximum. The wave vectors locating the high-
and low-q peaks are qh(t) and ql(t), respectively, with the
corresponding characteristic length scales Rh(t) ∼ 2π/qh
and Rl(t) ∼ 2π/ql. Similar bimodal behavior was observed
in both thinner (100 nm) and thicker (500 nm) films,
whereas films less than 100 nm exhibit a different
evolution mechanism. For films thicker than 1500 nm,
surface-directed spinodal decomposition is observed.12

A detailed description of the physical growth mechanism
that dominates during each of the various stages of phase
separation is given elsewhere,10 and here we give a brief
qualitative description before quantifying the coarsening
kinetics during the time interval 0-6000 min. Initially,

(12) Wang, H.; Composto, R. J. To be published.

Figure 1. Depth profile of the dPMMA volume fraction,φdPMMA,
as measured with FRES for a 223 nm thick film, both in the
single phase (a) and at different times following a quench inside
the two-phase region (b)-(d).

Figure 2. (a) Structure factor calculated from the FFT of the
AFM images for different annealing times in the two-phase
region for the film shown in Figure 1, where a typical AFM
image is shown as an inset. The two peaks correspond to the
fine and coarse topography of the free film surface, which is the
dPMMA-rich phase. (b) A similar plot as in (a) after the dPMMA-
rich phase has been removed. The two peaks correspond to the
fine and coarse topography of the underlying SAN-rich struc-
ture. The power spectra have a q resolution of 0.15 µm-1.
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a bicontinuous morphology develops in the bulk of the
film, with the wetting component being driven to both
surfaces. This leads to the trilayer-like structure with
wetting layers of dPMMA-rich phase at both the free film
surface and the polymer/silicon oxide interface. A hydro-
dynamic wetting mechanism causes the surface to
roughen. During the intermediate stage, the internal
structure coarsens into cylindrical dPMMA-rich domains
that bridge the two wetting layers. As these domains
coarsen further, the surface layers become thinner and a
capillary instability leads to undulations. During the late
stage (t > 1200 min), the layers rupture into a bicontinuous
morphology, which eventually coarsens into SAN-rich
droplets under a dPMMA-rich surface layer. This evolution
is a consequence of the undulating free surface. Under
hard-wall confinement, such as at the substrate side of
the film, the height fluctuations are suppressed, and the
surface is flat.

In the above picture, the smaller length scale, Rh(t),
corresponds to the “bulk” spinodal wavelength, whereas
the longer length scale, Rl(t), corresponds to the wave-
length associated with the lateral breakup of nonwetting
layers because of thickness undulations, or capillary
fluctuations. At the free film surface, a structure of
characteristic size Rh appears as small hills (Figure 2a),
whereas at the interface between dPMMA-rich and SAN-
rich phases, this structure appears as small depressions
(Figure 2b). The intensity of the surface peak at qh reaches
a maximum at around 120 min, when the small structures
are most prominent, and then starts to decrease. The time
dependence of qh at the surface and interface is shown in
Figure 3, which suggests that these fluctuations are
initially the same size but then grow in a power-law fashion
at different rates, with exponents of 0.21 ( 0.01 at the
surface and 0.29 ( 0.01 at the interface. At late times (t
∼ 2700 min), the high-q peak at the surface is lost in the
shoulder of the low-q peak (Figure 2a).

To our knowledge, such a change in growth kinetics
with depth in the film has not been previously reported.
Similar behavior is also observed in the 100 nm film, where
the exponent varies from 0.14 at the surface to 0.22 at the
interface, and the 500 nm film, where the exponent varies
from 0.31 at the surface to 0.35 at the interface.12 Although
in the thicker films the interfacial exponents are somewhat
close to the value of 1/3 that one might expect in the bulk,
we note that the mean lateral dimension of these fluctua-
tions, on the order of 0.5 µm, is greater than or comparable

to the mean film thickness, and thus confinement effects
should be significant. It seems more likely that the
universal dynamic behavior that is so ubiquitous in the
bulk,13 and the unique two-dimensional analogue that has
been observed in ultrathin films,5 is absent here.

Figure 4 shows the time dependence of ql at the surface
and interface, which is insensitive to depth within the
film, because the large-scale surface roughness is con-
formal with interfacial roughness. The size of these
fluctuations initially grows in a power-law fashion with
an exponent of 0.25 ( 0.02 but then reaches a plateau at
240 min that persists until 1200 min, at which point the
growth resumes with an exponent of 0.37 ( 0.08. The
plateau corresponds to the regime of time during which
the amplitude of undulations increases and the layers
ultimately rupture. Both a thinner film (100 nm) and a
thicker film (500 nm) show the same behavior, that is,
two power-law regimes separated by a plateau, although
the data suggest that the growth exponents increase
systematically with increasing film thickness.12 The
maximum sizes that the long-wavelength structures
achieve at late times are 0.7 µm (6 nm film), 2 µm (45 nm
film), 9 µm (100 nm film), 14 µm (223 nm film), and 30 µm
(500 nm film), showing a systematic increase with
thickness. The late-time domain size for a 20 nm film of
the less viscous blend used in ref 5 is 15-20 µm. The
exponent of 0.37 ( 0.08 is close to the value reported
previously for late-stage dewetting1 and phase separation.5

The obvious difference between the behavior described
above and that reported in ref 5 is that here there are two
unique lateral length scales associated with two different
modes of coarsening. Wetting forces lead to stratification
during phase separation, and layers give rise to capillary
fluctuations. Recent lattice Boltzmann simulations of
phase separation in the presence of surface enriching
boundaries illustrate the phenomenon of early-stage layer
formation and subsequent late-time capillary instability,14

and the behavior described here is somewhat reminiscent
of that exhibited by bulk polymer blends undergoing
spinodal decomposition in the presence of an interfacial
wetting force,15 which show both a “slow” bulklike mode
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Figure 3. Log-log plot of the time evolution of the position
of the high-q peak in Figure 2 for both the surface and interfacial
morphologies, where the lines are power-law fits of the data.
The interfacial structure evolves with an exponent of around
0.3, whereas the surface structure evolves at a slower rate,
with an exponent of around 0.2.

Figure 4. Log-log plot of the time evolution of the position
of the low-q peak in Figure 2 for both the surface and interfacial
morphologies, where the lines are power-law fits of the data.
The surface and interfacial structures have the same time
dependence, with a plateau between 240 and 1200 min that
corresponds to a pinning of the capillary wavelength while the
amplitude continues to increase.
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(RS ∼ t1/3) and a “fast” surface-directed mode (RF ∼ tb,
where 1.0 < b < 1.5). Rheologically, the two polymers
used in this study are similar,16 so viscous effects alone
probably cannot account for the unusual behavior. Rather,
the coupling between capillary fluctuations and coarsening
and the surface confinement effect10 may lie at the
foundation of the unusual dynamics, pointing to the need
for a deeper theoretical understanding.

4. Conclusions
Using FRES and AFM, the interplay of phase separa-

tion, preferential wetting, and capillary instability in thin-
film polymer blends has been investigated. The phase-
separating films exhibit a unique morphology with two
evolving lateral length scales at both the free film surface
and the interface between the wetting and nonwetting
layers. The physical mechanism of the morphological

evolution has been the focus of previous publications.10 In
this article, we report the observation of dissimilar
evolution kinetics between short-wavelength surface and
interfacial modes, with the surface mode showing the
slower growth. In contrast, the long-wavelength surface
and interfacial modes exhibit the same kinetics, an early
and late-time power-law growth regime separated by a
plateau. The depth dependence of the growth kinetics of
the short- and long-wavelength modes in phase-separating
thin-film polymer blends is discussed, and it is hoped that
the experimental evidence presented here might provide
more detailed insight into the fundamental nature of
nonequilibrium critical dynamics of thin-film binary
mixtures.
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